Background: Adsorption isotherms describe the relationship between the equilibrium concentration of the adsorbed matter in the solution and the amount of adsorbed matter on the surface of the adsorbent.
Background
Humic substances are natural organic polyelectrolyte materials that form most of the dissolved organic carbon in aquatic environments (1) . Humic substances are known as precursors of disinfection byproducts (2, 3) . The most common disinfection byproducts with chlorine compounds include thrihalomethnes and halo acetic acids, which are toxic, cancer-causing and mutagenic. Humic acid and fulvic are precursors of thrihalomethnes. Thrihalomethnes are organic halides and include: chloroform, bromo-dichloromethane, dichloro-bromo methane and bromoform (4, 5) . The existence of humic acid on the surface of water causes many problems such as taste and odor, color, lower efficiency of treatment processes, reaction with chlorine and production of disinfection byproducts (6) . Thrihalomethnes causes many cancers, some of these cancers are bladder cancer, kidney cancer, colon and small bowel cancer (7) .
Among the various processes for removal of humic acid, the adsorption process, because of its high potential for removal of small molecules including organic material, seems to be one of the best solutions for wastewater treatment (8) .
Nanoparticles as adsorbents have two important features that make them suitable as absorbents. First, they have significantly wider surface areas than other particles. Furthermore, they can be combined with different chemical groups to increase their tendency to remove the target compounds (9, 10) .
In the recent years, many studies have been conducted on the use of clay to remove various contaminants from the environment, yet the number of investigations on the use of nano clay is very limited. Clay is one of the low cost nano materials, which has properties such as being nontoxic and environmentally friendly, having high specific surface area and high adsorption capacity (11) .
The amount of adsorbate that an adsorbent could adsorb is a function of the characteristics of the adsorbate, adsorbent and type of adsorption reaction. During the adsorption process, some of the adsorbate from the liquid phase tends to go to the solid phase and vice versa, and after a certain reaction time, a dynamic equalization between the adsorbate on the surface of adsorbent and its final form in the solution phase, will be established. When an adsorbent, adsorbate and solution achieve a min-imum free energy, the thermodynamic equalization of the system will occur. Generally, the amount of the adsorbate per unit of adsorbent dosage is expressed as a function of the equilibrium concentration in the solution phase and at constant temperature; and regarding introduction at a fixed temperature, they are called adsorption isotherm (12) . Models and equations of the equilibrium of adsorption isotherms are used to describe adsorbent surface properties, providing a view of the adsorption process and describing the experimental data. Isotherms are also an important factor in designing adsorption systems and they describe the relationship between the concentration of the adsorbate and adsorption capacity of the adsorbent. Adsorption isotherms for different systems can take several different forms.
Objectives
In this study, we examined the data of the equilibrium process of humic acid adsorption by bentonite and montmorillonite nanoparticles. We also studied the compatibility of the adsorption process of humic acid with these isotherms: Langmuir, Freundlich, BET, Temkin and Dubinin Radushkevich.
Methods
This investigation was a practical experimental study that was performed in a batch system. Adsorbents used in this study were nanoclay (bentonite and montmorillonite nanoparticles). Bentonite and montmorillonite nanoparticles were bought from the Nano Sany corporation. These nanomaterials were washed and dried for 24 hours and were used for adsorption experiments. HCl and NaOH were used to adjust the pH. Stock solution of humic acid was prepared by solving certain amounts of humic acid sodium salt (made by Acros Company) in distilled water. The concentration of stock solution was 500 mg/L.
In order to determine the isotherms, the dosage of nano adsorbents was 100 mg and the volume of humic acid solution was 100 mL, while there were different initial humic acid concentrations (10, 15, 20, 30 and 40 mg/L). Experiments were carried out at a temperature of 25°C. After the reaction, the samples were filtered and then were read with a spectrophotometer (+UV/VIS spectrometer T80) at a wavelength of 254 nm. The amount of humic acid adsorption capacity by bentonite and montmorillonite nanoparticles was calculated with Equation 1:
Where, C 0 and C e are the initial and final concentrations of humic acid (mg/L), respectively. M is adsorbent dosage (g), and V is the volume of the solution in liters.
In this study, we examined the Freundlich, Langmuir BET, Temkin and Dubinin-Radushkevich adsorption isotherms for mathematical modeling of adsorption of humic acid.
Langmuir isotherm is based on the monolayer and uniform (homogenous) adsorption of material with the same energy on the entire surface of the adsorbent. Unlike Langmuir model, Freundlich isotherm is based on the heterogeneous adsorption of humic acid by the adsorbent.
Freundlich Isotherm Model
Freundlich equation describes the adsorption process at a heterogeneous level (according to the adsorption energy). In fact, the Freundlich model assumes that the adsorption process occurs in a mono-layer but is not uniform and homogenous. Equation 2 represents the mathematical model of Freundlich isotherm (13, 14) .
Where, q e is the mass ratio of the solid phase, which is the ratio of the adsorbed mass to the mass of adsorbent (mg /g), C e is the equilibrium concentration (mg/L) and K is the experimental constant (Freundlich equation coefficients).
Langmuir Isotherm Model
In the adsorption isotherm of Langmuir, adsorption is single layered and the adsorption regions on the surface of the adsorbent are uniform with the same adsorption power. Connections and bonds of adsorption process are also reversible. Mathematical model of this isotherm is shown by Equation 3. (15, 16) :
Where, q max is the maximum adsorption capacity (mg /g), K L is the experimental constant (coefficient of Langmuir equation). C e and q e parameters are similar to Freundlich isotherm.
BET Isotherm Model
This isotherm is based on the assumptions of Langmuir isotherm model and is also based on the assumption that adsorption is not single layered but is multi-layer. This isotherm states that when a layer of material is adsorbed by the adsorbent, another layer is also adsorbed on the adsorbent as well. The equation of this isotherm is as follows: 
Where, C s is the saturation concentration of soluble material (mg/L), K b is a constant that is achieved by the linear equation and states the energy between the adsorbate and the surface of adsorbent. The more there is of this amount, the more there is adsorption energy.
q max is the amount of adsorbate per unit of mass of adsorbent (g) to form a single molecular layer on the surface of adsorbent (mg/g).
Dubinin-Radushkevich Isotherm Model
Dubinin-Radushkevich model is usually used to estimate the porosity and free energy of adsorption. The model assumes that the adsorption porosity curves are related to the porosity of the adsorbent. The model equation is as follows: (5) qm = e Where, R is the universal gas constant (8.314 J.K -1 .mol -1 ), and T is the temperature (°K).
Temkin Isotherm Model
Temkin isotherm contains a factor that clearly shows the interactions between the adsorbent and adsorbate. In Temkin isotherm, it is assumed that the adsorption temperature of all molecules decrease when the surface of the adsorbent is more covered. Temkin isotherm is calculated using Equation 7.
Where B T is Temkin's constant and is expressed as J/mol and is related to the temperature of adsorption. A T is the constant of Temkin isotherm (L/g), R is the universal constant of gases and T is absolute temperature (°K). In the mentioned equations, the amount of B is usually calculated with Equation 8. 
Results
The scanning electron microscope (SEM) and x-ray Diffraction (XRD) spectra of bentonite and montmorillonite are shown in Figures 1 and 2, respectively. The results of studying the compliance of humic acid adsorption (by nano particles of bentonite and montmorillonite) with different isotherms are presented in Figures  3 to 7 and Table 1 . 
Discussion
The relationship between the concentration of adsorbed humic acid (by nano particles of bentonite and montmorillonite) and the final concentration in the solution is described by isotherms. Several isotherms are used to describe the characteristics of adsorption equilibrium.
From Figure 1 the nanoclay structure appears dense with nonporous particles. Figure 2 show a medium peak at 2θ = 6.05°and 2θ = 5.97°for both nanoparticles, respectively, and also a sharp peak at 2θ = 27.80°and 2θ = 27.81°that corresponds with the nanostructures of the adsorbents.
According to the results of Figure 3 , it is evident that due to the low regression coefficient, the behavior of humic acid adsorption onto bentonite and montmorillonite nanoparticles does not follow much to the Longmuir isotherm. According to is increased (17) . According to the results of this study, the amount of K L for montmorillonite nanoparticles was more than the amount of K L for bentonite nano particles, which reflects the larger size of montmorillonite nanoparticles. Also, we studied the tendency of humic acid adsorption by a dimensionless parameter (R L ), which is derived from the Langmuir model. If R L = 0, the adsorption is irreversible, if 0 < R L < 1, the adsorption is desirable, if R L = 1, the adsorption is linear and if R L > 1, then the adsorption is undesirable. According to the results of the Langmuir isotherm for adsorption of humic acid, the amounts R L for both adsorbents were between 0 and 1, so humic acid absorption by both adsorbents is desirable (18, 19) .
According to Figure 4 , the regression coefficient (R 2 ) in Freundlich isotherm for both bentonite and montmorillonite nano particles was more than the R 2 coefficient in Langmuir isotherm. The amount of K F in bentonite and montmorillonite nanoparticles was 0.13 and 0.11 (mg/g) (mg/ l) n , respectively. Therefore, due to the higher adsorption capacity of bentonite nanoparticles, the amount of K F is also higher for this nano particle. The 1/n parameter decreases when the adsorption power of the pollutant by the adsorbent increases. The amounts of 1/n for bentonite and montmorillonite nanoparticles were 1.79 and 1.8, respectively. These numbers indicate that humic acid adsorbed onto bentonite nanoparticles with more power in comparison with nano particles of montmorillonite. Other studies have reported similar results (20, 21) .
According to Figure 5 regression coefficient, the BET isotherm provides a better description for humic acid adsorption on montmorillonite than the description that Langmuir and Freundlich isotherms provide for this process (adsorption of humic acid by montmorillonite). However, regarding humic acid adsorption by nanoparticles Health Scope. Inpress(Inpress):e40416. 5 U n c o r r e c t e d P r o o f of bentonite, Freundlich and BET isotherms have approximately equal regression coefficients. According to Table  1 , the amount of A parameter for Bentonite and montmorillonite nanoparticles was 4.4 and 4.5, respectively; thus, according to the BET isotherm, adsorption energy of humic acid adsorbed on montmorillonite is higher than the adsorption energy of humic acid adsorbed onto bentonite nanoparticles. The amount of X m , which is the required amount of humic acid for the formation of a single molecule layer on the surface of the adsorbents (22), is 1.61mg/g for Bentonite nanoparticles and 1.76 mg/g for montmorillonite nanoparticles. Generally, BET isotherm has not been used much in different studies. According to Figure 6 and 7, the amounts of the regression coefficient (R 2 ) for Temkin and Dubinin Radushkevich isotherms for humic acid adsorption by bentonite nanoparticles were equal to one. The amounts of R 2 in these two mentioned isotherms for humic acid adsorption by montmorillonite nanoparticles were higher than the amount of R 2 for other isotherms. Therefore, it can be said with certainty that humic acid adsorption by nanoclay follows these two isotherms. In the Temkin isotherm, A T is the bond constant that represents the maximum binding energy (L/mg) (23) . The amount of A T for both bentonite and montmorillonite nanoparticles was 0.17 L/mg. The B index, which is related to the heat of adsorption for bentonite and montmorillonite nanoparticles, was 18.09 and 17.45 J/mole, respectively.
According to the Dubinin-Radushkevich isotherm, the amount of β (which is related to the adsorption energy), for bentonite and montmorillonite nanoparticles was 1.8×10 -5 and 2.1×10 -5 mole 2 /kJ 2 , respectively. This parameter gives an explanation about the average free energy or E. The average amounts of adsorption energy is achieved by the following equation (24):
These values for humic acid adsorption by bentonite and montmorillonite nanoparticles were 0.17 and 0.15 kJ.mol -1 , respectively. Whenever the value of E is between 8 and 16 kJmol -1 , then it means that the adsorption is of chemical or ionic exchange type and if the value of E is between 1 and 8 kJmol -1 , it means that adsorption has been carried out physically (23, 25) . According to the results of this study, it was determined that the adsorption of humic acid by both nano-particles was physical. In addition, according to the amount of q max that was obtained from the Dubinin Radushkevich isotherm, considering that this amount for bentonite and montmorillonite nanoparticles was 27.78 and 28.80 mg/g, respectively, it is expected for these amounts to be very close to the measured adsorption capacities that were obtained by adsorption experiments.
Conclusion
In this study, we examined the compatibility of the data of humic acid adsorption by bentonite and montmorillonite nanoparticles with five isotherm models. The results showed that the degree of compliance of humic acid adsorption by bentonite nanoparticles with these isotherms was as follow:
Langmuir isotherm < BET isotherm < Freundlich isotherm < Temkin isotherm = Dubinin Radushkevich isotherm. Also, the degree of compliance of humic acid adsorption by montmorillonite nanoparticles with these isotherms was as follow: Langmuir isotherm < Freundlich isotherm < BET isotherm < isotherm Dubinin Radushkevich < Temkin isotherm.
